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DOI: 10.1039/c2jm30787aCarbon materials with defined porosity are prepared using the nanocasting approach. The structural
properties of the prepared carbon materials are examined by SEM, XRD, XPS, elemental analysis,
nitrogen physisorption and Hg porosimetry. The materials exhibit an interconnected porous network
with spherical pores in the macropore range, being a replica of spherical SiO2 particles. The average
macropore size (300–700 nm) and surface area (35–470 m2 g1) can be tailored by the choice of template
and carbon precursor. More importantly, based on silica templates prepared by flame pyrolysis, the
whole process, including HF etching of the template, can be easily industrialized. Lithium storage
measurements are used to demonstrate the beneficial transport properties of the porous carbon
materials which are referenced against non-porous carbons. The porous carbon materials exhibit high
capacity (550 mA h g1 at C/5) and excellent rate capability (90 mA h g1 at 60C). Surprisingly, the
excellent lithium storage properties are related to the macroporous framework rather than high surface
area and/or micro- and mesoporosity.1. Introduction
The wide use of carbon materials in industrial and special
applications is usually related to the fact that their microstruc-
ture and porosity can be tailored over a wide range.
A special class of carbon materials is accessible by using
templating strategies. Here, porosity in the desired range is
achieved by using sacrificial templates. A well known procedure
is the so-called nanocasting process enabling the preparation of
carbon materials with defined porosity – especially in the meso-
pore range – that is otherwise difficult to realize. In the hard
templating approach, a carbon precursor is carbonized in the
presence of a sacrificial template, usually SiO2, which subse-
quently is removed by chemical etching to yield a porous carbon
material.1,2 Depending on the nature of the template (e.g. its
amount, pore size or geometry) the porosity of the resulting
carbon material can be adjusted over a wide range. Using this
approach, plenty of carbon materials with defined pore size and
geometry have been prepared that serve as excellent reference
systems to study size effects and the influence of porosity on the
materials performance. Carbon materials with orderedaInstitute of Physical Chemistry, Justus-Liebig-University Giessen,
Heinrich-Buff-Ring 58, 35392 Giessen, Germany. E-mail: philipp.
adelhelm@uni-giessen.de
bHeraeus Quarzglas GmbH & Co. KG, Reinhard-Heraeus-Ring 29, 63801
Kleinostheim, Germany
† Electronic supplementary information (ESI) available. See DOI:
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This journal is ª The Royal Society of Chemistry 2012mesopores of a few nanometers in size, e.g. replicas of SBA-15
type silica, show improved properties as active material and
support in battery and supercapacitor applications, hydrogen
storage and catalysis, for example.3–7 The progress in the field of
carbon materials with tailored porosity is also well documented
in the literature.8–12 Another important factor governing the final
properties of carbon materials is the type of carbon precursor
used. Frequently used precursors such as sucrose or furfuryl
alcohol lead to a more disordered carbon microstructure which
intrinsically causes microporosity. Pitches carbonize compara-
tively well and a carbon microstructure with fewer defects is
achieved featuring pronounced chemical stability and higher
conductivity.13 Depending on the application in mind, one or the
other precursor can be more advantageous. Concerning anode
materials for battery applications we recently found that a hier-
archical, interconnected structure with pores in the macro- and
mesopore range and mesophase pitch as a carbon precursor is
beneficial in achieving high capacity and excellent rate capa-
bility.14–16 Similar results are also found for other template based
carbon structures with high surface area and well defined
morphology.7,17
Even though many promising results have been reported for
carbon materials prepared by the hard templating process, to the
best of our knowledge no commercial product has been devel-
oped so far. This is because a cost-effective industrial scale-up is
generally perceived to be difficult as the process involves a multi-
step procedure including infiltration of the template, carboniza-
tion and HF etching. To tackle this issue, we prepared porousJ. Mater. Chem., 2012, 22, 10787–10794 | 10787
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View Article Onlinecarbon materials based on hard templating of fused spherical
silica particles. The monolithic silica template offers the prepa-
ration of porous carbon replicas with tailored porosity at rela-
tively low cost. Based on this template and the nanocasting
process, Heraeus Quarzglas recently filed a patent application to
prepare a special porous carbon to be commercialized under the
registered trademark Porocarb.18 The main advantages of
the process are: (1) the silica particle size can be adjusted, i.e. the
carbon pore size can be tailored, and (2) the silica particles are
fused, i.e. pore linkage within the carbon matrix is assured. The
process can be scaled up and batches on the kilogram scale have
already been produced at this early stage of fabrication. The
carbon material is especially designed for applications where
defined and interconnected porosity is needed.
In this paper, we first present the structural characterization of
the silica templates and their carbon replicas. Secondly, we
demonstrate the use of the carbon materials as anode material in
lithium-ion batteries and comment on the influence of porosity
and the carbon precursor used.
2. Experimental section
2.1. Sample preparation
The porous carbon samples were prepared by nanocasting using
an approach earlier reported.13,14 Mesophase pitch (MP, Mitsu-
bishi Gas Chemical Company) was dissolved in THF (technical
grade) using an orbital shaker. The final solution was obtained
by centrifugation (4000 rpm, 5 min) followed by decantation.
The MP content of the supernatant was approx. 10 wt%. Silica
samples (Heraeus Quarzglas GmbH & Co. KG) were infiltrated
by the MP solution in open polystyrene vessels under mild
agitation while evaporating the solvent. After drying at room
temperature, the silica–MP composites were carbonized at w ¼
700 C under N2 atmosphere (6 h ramp, 6 h dwell time). The
porous carbon materials were obtained by dissolution of the
silica template in hydrofluoric acid. CarbonSUC was provided
by Heraeus Quarzglas GmbH. Graphite (SFG-44) was provided
by Timcal Ltd.
2.2. Electrode preparation and electrochemical measurements
Carbon samples were ground to powder in a vibratory micro-mill
(Pulverisette 0, Fritsch). Electrode slurries were made from
carbon, polyvinylidene fluoride (PVDF, Solef 1310) and
N-methyl-2-pyrrolidone (NMP). The contents of carbon and
binder were 90 wt% and 10 wt%, respectively. Electrodes were
prepared by doctor blading the slurry onto copper foil (d ¼
10 mm). The thicknesses of the electrodes were approximately
40 mm. Circular electrodes (d ¼ 1.2 cm) were punched out and
contained approx. 3 mg of active mass each. Before transferring
the electrodes to the glove box, they were further dried at w ¼
120 C for 2.5 h under vacuum to evaporate residual NMP and
adsorbed water. Three-electrode Swagelok type cells were
assembled in a glove box (MBraun Labmaster sp) under Ar
atmosphere. Metallic lithium was used as counter- and reference-
electrode. Whatman glass microfiber filters (GF/A) were used as
separators. A 1 M solution of LiPF6 in 1 : 1 w/w EC:DMC
(LP30, SelectiLyte, Merck) was used as electrolyte. Electro-
chemical measurements were conducted at room temperature10788 | J. Mater. Chem., 2012, 22, 10787–10794using a Maccor (Model 4300) battery cycler. Cells were cycled
galvanostatically (constant current, CC) at different C-rates
between 0.01 V and 2.00 V. The C-rate was calculated based on
the theoretical capacity of graphite (Q ¼ 372 mA h g1), i.e. 1C
corresponds to a current of iCC ¼ 372 mA g(C)1. A potentio-
static step (constant voltage, CV) was added after galvanostatic
Li-insertion at 0.01 V until the current iCV reached iCV ¼ iCC/2.
Total Li-insertion capacities including the potentiostatic step
are given as Qtotal; Li-insertion capacities originating from the
galvanostatic step are given asQCC. Capacities are given in mA h
per gram of carbon (mA h g(C)1).
2.3. Characterization methods
SEM images were taken with a Zeiss LEO 982 FEG scanning
electron microscope. A VarioMICRO cube (Elementar Analy-
sensysteme GmbH) was used for CHNSO elemental analysis.
Nitrogen physisorption measurements were conducted at T ¼
77 K using a Quantachrome instruments Autosorb 1. BJH pore
size distributions were calculated from the adsorption branch of
the isotherm. Samples were pre-dried overnight under vacuum
at w¼ 120 C. ThermoFisher scientific Pascal 140 and Pascal 440
machines were used for the mercury porosimetry measurements.
X-ray photoelectron survey spectra were taken on a PHI 5000
Versa Probe (Physical Electronics). WAXS patterns were recor-
ded on a Siemens D500 powder diffractometer in an angular
range between 10 < 2q < 80.
3. Results and discussion
3.1. Concept
The concept of the hard templating synthesis for the specific silica
template and carbon precursor is sketched in Fig. 1. The silica
template consists of spherical, fused SiO2 primary particles that
form a porous framework in monolithic shape which in turn is
synthesized by a flame pyrolysis process where a silica precursor
(SiCl4, for example), H2 and H2O are introduced into a hot flame
(Fig. S1†).19–21 During combustion, SiO2 proto-particles develop
which aggregate into larger clusters within the propagation of the
turbulent flame. Sinter necks develop between single particles to
form aggregates. These aggregates are collected on a rotating
substrate where additional sinter necks develop, finally forming
porous layers with defined thickness and porosity. The properties
of the porous layers can be controlled by silicon precursor feed
rate, flame temperature and other deposition parameters.
In the present process, the silica bodies are infiltrated by
a solution (10 wt%) of mesophase pitch (MP) dissolved in
tetrahydrofuran (THF). After infiltration of the porous frame-
work, the solvent is removed by evaporation under mild agita-
tion. Consequently, the pitch covers the surface of the silica
particles partially filling the voids between them. The resulting
composite is then carbonized under a protective atmosphere and
the carbon replica is obtained by dissolution of the SiO2 template
in HF solution. Due to the spherical SiO2 particles constituting
the template, the carbon replica exhibits spherical pores in the
nanometer regime. An important feature is that pore connec-
tivity is ensured because the silica particles are fused together.
As the particle size of the silica template can be controlled by
a flame pyrolysis process, the pore size of the carbon replica canThis journal is ª The Royal Society of Chemistry 2012
Fig. 1 Principle of the nanocasting process using fused spherical silica particles as a template.
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View Article Onlinebe adjusted: a large average primary particle size correlates with
a relatively high density of the silica template. The corresponding
carbon replica then exhibits larger pores. Accordingly, a silica
template consisting of small primary particles gives rise to
a carbon replica with smaller pore sizes. To study the size effect,
four silica templates (Template1–4) and corresponding carbon
replicas (Carbon1–4) were prepared in this study. To illustrate
the effect of the carbon precursor, one additional sample was
prepared using sucrose as carbon source.3.2. Synthesis and structural characterization
Fig. 2 shows typical SEM images of the template and the cor-
responding carbon replica. The silica particles are of perfect
spherical shape and show a relatively broad size distribution
ranging from around 50 nm to a few hundred nm. The silica
particles are randomly fused to form aggregates and mechan-
ically stable, macroscopic structures. The voids between the
particles are in the size regime of larger meso- (2 nm < d < 50 nm)
and macropores (d > 50 nm). The carbon replica shows that theFig. 2 SEM images of (a) silica template, (b and c) carbon replica based
on mesophase pitch as carbon precursor, and (d) mesophase pitch
carbonized without a template.
This journal is ª The Royal Society of Chemistry 2012morphology of the template is well replicated and a macroporous
structure with interconnected, spherical pores in the larger meso-
and macropore range is found. This structure is different from
earlier works published in this field where powders of spherical
silica nanoparticles were used to prepare predominantly meso-
porous carbons22–29 or carbons with larger macropores.22
Macroscopically, the prepared carbon materials consist of flakes
in the mm range (Fig. S2†).
The composition and purity of the carbon materials were
investigated by XPS (surface analysis) and by elemental analysis
(bulk analysis). A XPS survey spectrum of the synthesized
carbon material is shown in Fig. 3a. Carbon with the dominant
peak at 285.0 eV (C1s) and oxygen (O1s, 531.8 eV) were the only
detectable species. The absence of signals corresponding to Si
(Si2p at 99.8 eV and Si2s at 150.2 eV) evidences that complete
removal of the silica template was achieved. A carbon content of
95.4 at% (94.0 wt%) and an oxygen content of 4.6 at% (6.0 wt%)
were derived from the C1s and O1s signals, corresponding to an
atomic oxygen/carbon ratio of O/C¼ 0.048. Bulk C, H, N, S and
O contents of the carbon samples as determined by elemental
analysis were typically >92 wt% C, 1.4 wt% H, 0.13 wt% S and
2–5 wt% O, corresponding to atomic ratios of H/C ¼ 0.18 and
O/C ¼ 0.02–0.04, respectively. The nitrogen content was
negligible.
As a reference, mesophase pitch was also carbonized without
the presence of the silica template (non-templated carbon).
Carbonization of bulk mesophase pitch gives rise toFig. 3 (a) XPS survey spectrum of the carbon replica (Carbon1) and (b)
pore size distribution of the different carbon replicas derived by Hg
porosimetry.
J. Mater. Chem., 2012, 22, 10787–10794 | 10789
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View Article Onlinea macroscopic solid foam with pores of several millimeters in size
(Fig. S3†). These very large pores are a result of the carboniza-
tion process that involves the release of various gaseous
compounds upon heating while passing through a viscous state.30
For the present context this phenomenon is not relevant as all
samples were ground for further use and porosity in this size
regime is disrupted. Still, it is interesting to note that the foam
formation was not observed when carbonizing pitch in the
presence of the template, indicating that the carbonization
process is influenced by the confinement in the silica matrix. The
difference in porosity in the nano- and micrometer regime can be
clearly seen from the SEM images in Fig. 2c and d. Carboniza-
tion of mesophase pitch without a template gives rise to a non-
porous, low surface area carbon material, i.e. it can be concluded
that the porosity observable in the SEM is due to the template
and no intrinsic porosity in the nanometer regime develops
during carbonization due to the carbon precursor. The elemental
composition of the non-templated carbon as derived from XPS
measurements was 99.1 at% C and 0.9 at% O, i.e. an atomic ratio
of O/C ¼ 0.01 is found. O/C and H/C ratios determined by
elemental analysis were 0.02 and 0.18, respectively. Comparing
this with the results obtained for the templated carbons evidences
that most of the functional groups containing oxygen stem from
the nanocasting process.
Fig. 3b shows the pore size distributions derived from Hg
porosimetry of the four carbon replicas. Here it is important to
note that, precisely speaking, mercury infiltration of pores is
related to the pore orifice rather than the pore diameter.
Nevertheless, Hg porosimetry gives a good estimate of the bulk
sample porosity over a wide size regime, which is particularly
important for samples containing larger pores (a few hundred
nm) not being detectable by nitrogen physisorption. The pore
size distributions are broad for all samples, but exhibit defined
maxima in the macropore range. In line with the concept shown
in Fig. 1, the pore size can be adjusted by the silica template.
For the present samples, this means that the pore size can be
tailored in the range between 300 nm and 700 nm. Total pore
volumes of the carbon samples were typically between 2 cm3 g1
and 3 cm3 g1, as derived from Hg porosimetry.
While Hg porosimetry and SEM are not suitable for charac-
terization of porosity in the micropore (d < 2 nm) and small
mesopore range, the samples were further investigated with N2
physisorption. Similar isotherms were found for the different
templates and the corresponding carbon replica. As an example,Fig. 4 Typical nitrogen physisorption isotherms (a) and cumulative pore
volumes (b) for the silica template (Template1) and corresponding
carbon replica (Carbon1). The cumulative pore volumes are derived from
the adsorption branch of the isotherm (BJH model).
10790 | J. Mater. Chem., 2012, 22, 10787–10794the isotherms of silica template (Template1) and the corre-
sponding carbon replica (Carbon1) are shown in Fig. 4. The
isotherms show that the templates are predominantly macro-
porous as seen by the steep increase in N2 uptake at high relative
pressures. BET specific surface areas of around 15–20 m2 g1
were found for all silica samples indicating that the silica primary
particles are practically non-porous and the porosity originates
from their structural assembly only. Upon infiltration with the
carbon precursor, the surface area further decreases to around
3–4 m2 g1. The carbon replica shows similar isotherms, but the
larger offset at small relative pressures is indicative of some
microporosity. Typically surface areas between 35 m2 g1 and
65 m2 g1 were found for the carbon samples.
In contrast to the macropore diameter, where a direct correla-
tion between the template and replica is observed, no correlation
for the surface area is found. The carbon precursor itself barely
contributes to the increased surface area values, as surface areas
close to zero are typically found after carbonization without the
silica template. Fig. 4 also shows the cumulative pore volumes
derived from the adsorption branch of the isotherms using the
BJH model. Clearly, the pore size distribution in the micropore
and mesopore range is broad and the absolute volumes are
comparatively small. A summary of the results obtained from the
nitrogen physisorption measurements is given in Table 1.
Carbon replicas with higher surface area can be prepared by
replacing mesophase pitch with sucrose as carbon source (Car-
bonSUC). A surface area of SBET ¼ 530.8 m2 g1 is found in this
case, while preserving the same macroporous morphology. The
increase in surface area can be seen from the large offset at low
relative pressures, consequently the cumulative pore volumes are
larger for pores in the nanometer regime (Fig. S4†). The larger
surface area is related to the comparably poor carbonization
behavior of sucrose, resulting in a defect rich carbon micro-
structure with large inherent microporosity. In contrast, meso-
phase pitch consists of polyaromatic moieties that carbonize well
already at relatively low temperatures, thus minimizing intrinsic
microporosity. The difference is clearly discernible from XRD
shown in Fig. 5. Both carbon precursors exhibit a non-graphitic
carbon microstructure with broad maxima around 2q ¼ 26 and
40–45 corresponding to the interlayer and intralayer scattering
of the graphene stacks, but the maxima are more distinct for the
mesophase pitch based carbon. The more diffuse maxima in the
XRD pattern of the sucrose based carbon indicate a low degree
of structural order being correlated with the microporosity. A
more detailed study on the carbon microstructure of mesophase
pitch based carbon is given in ref. 13.
In summary, silica materials prepared by flame pyrolysis allow
the preparation of carbon materials with interconnected spher-
ical macropores of tailored size. The surface area is sensitive to
the carbon precursor used and can be significantly increased by
replacing mesophase pitch by other carbon precursors such as
sucrose.
An application where carbon materials with tailored porosity
might be advantageous are batteries, for example when used as
active anode material (enhanced kinetics for Li-insertion) or as
support material for other active materials such as LiFePO4
31–33
or sulfur.4,34 Here, we focus on the lithium storage properties of
the prepared carbonmaterials and study the effect of the porosity
in terms of rate capability and capacity.This journal is ª The Royal Society of Chemistry 2012
Table 1 Results from nitrogen physisorption. Total pore volumes were
derived from the last point of the isotherm (which covers pores roughly
smaller than d < 500 nm). CarbonSUC is a carbon replica derived from
sucrose as carbon precursor; all other carbon replicas were prepared
using mesophase pitch as carbon precursor. Non-templated carbon is
carbonized bulk mesophase pitch. The graphite is commercial SFG-44
(Timcal Ltd., Bodio, Switzerland)
Sample
BET surface area
SBET/m
2 g1
Total pore
volume/cm3 g1
Template1 16.9 0.32
Template2 15.1 0.30
Template3 17.3 0.31
Template4 17.4 0.21
Carbon1 35.3 0.62
Carbon2 67.7 0.60
Carbon3 42.5 0.73
Carbon4 33.9 0.69
Graphite 5.5 0.04
Non-templated carbon 0.4 0.002
CarbonSUC 530.8 2.14
Fig. 5 XRD patterns of carbon derived from mesophase pitch
(Carbon1) and sucrose (CarbonSUC).
D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
TA
T 
G
IE
SS
EN
 o
n 
29
/0
4/
20
13
 1
4:
13
:0
6.
 
Pu
bl
ish
ed
 o
n 
23
 A
pr
il 
20
12
 o
n 
ht
tp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/C2
JM
307
87A
View Article Online3.3. Electrochemical characterization
Carbon electrodes were prepared by doctor blading a slurry of
solvent (NMP), binder (PVDF) and carbon material onto
a copper current collector. The carbon to binder weight ratio was
90 : 10. A SEM image of the electrode cross-section is shown in
Fig. 6. The thickness of the porous carbon layer is approx. 40 mm.
Galvanostatic lithium insertion (CC, Qcc) was followed by
a potentiostatic step at 0.01 V (CV) to allow for relaxation of the
system, giving the total capacity, Qtotal. Lithium deinsertion wasFig. 6 SEM image of an electrode cross-section.
This journal is ª The Royal Society of Chemistry 2012done under galvanostatic conditions only. Fig. 7 shows results
from the discharge (Li-insertion)/charge (Li-deinsertion) experi-
ments conducted at a C-rate of C/5. Fig. 7a shows the voltage
profile for sample Carbon2 and is representative for all samples
investigated. The behavior is typical of non-graphitic carbon
materials with SEI formation at potentials around 1.0–0.6 V
during the first Li-insertion step, resulting in a large irreversible
capacity.35–37 The first reversible capacity is in the order of
Qtotal ¼ 700 mA h g1, i.e. approximately twice the theoretical
capacity of graphite (372 mA h g1). Upon subsequent cycling the
capacity stabilizes at around 550 mA h g1. The large irreversible
capacity is undesirable for practical applications but could be
reduced by further pre-conditioning such as heat treatment
under a selected atmosphere, for example.38,39
To view these results in the right perspective, we prepared
electrodes from commercial graphite and from non-templated
carbon under identical conditions. At a C-rate of C/5 the
graphite reference showed stable capacity values around
310 mA h g1. The non-templated carbon exhibited the lowest
capacities, after 10 cycles the capacity was only about one-fourth
that of the templated carbons. Clearly, introducing porosity by
the nanocasting process significantly increases the capacity of the
carbon materials, even though no trend between the different
macropore sizes and capacity was observed. Another possibleFig. 7 Charge/discharge measurements at C/5, i.e. iCC¼ 74.4 mA g(C)1.
(a) Voltage profile and (b) capacity (Li-insertion) vs. number of cycles.
J. Mater. Chem., 2012, 22, 10787–10794 | 10791
Fig. 8 (a) Rate capability measurements and cycling stability of theMP based porous carbons Carbon1 and Carbon4, the sucrose based porous carbon
(CarbonSUC), carbonized MP (non-templated carbon) and graphite. (b) Capacities Qcc under galvanostatic conditions. (c) Fraction fCV in % of Qtotal
that is due to the potentiostatic step. fCV ¼ (QCV/Qtotal)  100% ¼ ((Qtotal  QCC)/Qtotal)  100%.
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View Article Onlineexplanation for the larger capacity might be the preferred
orientation of the graphenes towards the surface. Hurt et al.
showed that the discotic mesogenic structures constituting mes-
ophase pitch show preferred ‘‘edge-on’’ orientation on many
substrates, including quartz.40,41 Preservation of this orientation
during carbonization would – after etching of the SiO2 – directly
lead to a favorable orientation of the graphenes towards the
surface and hence to facilitated lithium insertion/deinsertion.42,43
Preferred orientation of pitch on porous silica was also reported
by Zhao et al.4410792 | J. Mater. Chem., 2012, 22, 10787–10794The advantage in using mesophase pitch as a carbon precursor
also becomes clear when comparing the capacities with the
sucrose based sample. Featuring a comparable interconnected
macropore structure but larger surface area, the capacities are
significantly lower compared to the pitch based sample. This
observation indicates that the beneficial lithium insertion prop-
erties are due to both the interconnected porosity and the carbon
precursor used.
The rate capabilities of mesophase pitch (MP) based samples
with the most differing macropore sizes (Carbon1 and Carbon4),This journal is ª The Royal Society of Chemistry 2012
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View Article Onlinenon-templated carbon, graphite and the sucrose based carbon
are compared in Fig. 8. Total capacity Qtotal and QCC are shown
in Fig. 8a and b, respectively. Fig. 8c shows the fraction fCV of the
total capacity that is due to the potentiostatic step. Excellent rate
capability and structural stability was found for both MP
samples with capacities close to QCC ¼ 270 mA h g1 (Qtotal ¼
400 mA h g1) at a C-rate of 5C and around QCC ¼ 90 mA h g1
(Qtotal ¼ 250 mA h g1) at 60C. fCV steadily increases from
around 10% at C/5 to 60% at 60C. The non-porous references
show a comparatively insufficient rate capability. Applying
C-rates exceeding 5C leads to capacities between Qtotal ¼ 0 mA
h g1 and 30 mA h g1 only. Excellent cycling properties were also
found for the sucrose based sample. Here the absolute capacities
Qtotal are lower compared to the MP based samples, but the
decrease upon increasing current is less severe. In fact, Carbon-
SUC exhibits higher galvanostatic capacities, QCC, at C-Rates
exceeding 30C. Interestingly, fCV is smaller compared to the MP
based samples and does not directly correlate with the applied
current (Fig. 8c), this indicates even more rapid kinetics.
Ideally, one would like to directly correlate the rate perfor-
mance of the various samples with their porosity and micro-
structure. So far it can be concluded from the present results that
the high capacity and excellent rate capability of the MP based
carbons are due to the carbon precursor and the porosity
introduced by the nanocasting process. The differences in pore
size are, however, so far not large enough to find significant
differences in the electrochemical performance. Though the hard
carbon CarbonSUC with higher surface area shows lower total
capacities Qtotal, its rate performance is still excellent and fCV is
comparatively small, i.e. this carbon provides in total less, but
more rapidly accessible Li storage sites compared to the MP
based carbons. Whether this behavior is an effect of the higher
surface area (capacitive effects) or also related to other factors
such as carbon microstructure, binder content, average diffusion
distance within the carbon microstructure, etc. still needs to be
clarified. On the other hand, one can draw conclusions by
comparing the present results with our earlier findings on
another mesophase pitch based, templated carbon material with
an interconnected macroporous structure.14 In that case, the
material additionally exhibited a larger amount of small, well
defined mesopores (Vmeso(d# 10 nm) ¼ 0.5 cm3 g1 compared to
approx. 0.025 cm3 g1 in this work) and consequently also
a higher surface area (SBET ¼ 330 m2 g1 compared to approx.
35–70 m2 g1 in this work). As the capacities QCC and rate
capabilities are comparable, it becomes evident that the excellent
performance is determined to a lesser extent by the mesoporosity,
but is probably rather a result of the interconnected macro-
porous (d > 50 nm) network prepared by the nanocasting
process. Obviously, further studies on the pore size effect are
needed to clarify the effect of porosity and carbon microstructure
on the rate performance.4. Conclusion
The nanocasting process was used to prepare porous carbon
materials with interconnected, spherical macropores based on
industrial, monolithic silica templates. The structure resembles
the Porocarb carbon material that has been recently registered
as a trademark and is reproducibly prepared on the kilogramThis journal is ª The Royal Society of Chemistry 2012scale. While the average pore size can be tailored by the silica
template, surface area and microporosity can be easily increased
by the choice of appropriate carbon precursors. In this way high
surface area carbons can be prepared using sucrose as carbon
precursor while carbons with lower surface area and more well-
defined carbon microstructure are obtained when mesophase
pitch is used as carbon source. Furthermore, our study proves
that hard-templating is indeed a feasible industrial process for
the generation of porous non-graphitic carbon materials, which
allays concerns that the usage of HF or strong bases is a major
obstacle to this route.
The beneficial effect of porosity on charge storage properties
was illustrated by lithium insertion experiments. When used as
an anode material in half cells, the templated carbons show rapid
kinetics compared to the non-porous references, illustrating the
beneficial effect of porosity on the transport properties. Inter-
estingly, the excellent rate performance of the MP based samples
prepared by nanocasting seems determined by the macroporosity
rather than high surface area and/or large micro- and mesopore
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